Abstract-A new simplified two-dimensional model for the threshold voltage of MOSFET's is derived in terms of simple characteristic functions. These characteristic functions are transformed from the exact series solution of the two-dimensional Poisson's equation, in which the effects of a nonuniformly doped substrate and a finite graded source-drain junction depth have been included. The attractive features of the developed model are: 1) charge-screening effects are proposed to account for the weak dependence of the threshold voltage on the substrate bias for short-channel MOSFET's, and 2) exact source and drain boundary potentials can be approximated by their equivalent power functions. The accuracy of the simplified 2-D model has been verified by 2-D numerical analysis. Moreover, comparisons between the simplified 2-D model and the experimental results have been made, and good agreement has been obtained for wide ranges of channel lengths, applied substrate, and drain biases.
I. INTRODUCTION OSFET device structures have become more and M more sophisticated, and the development of a twodimensional analytical model has become increasingly difficult due to the finite graded source-drain junction depth and the nonuniformly doped substrate. In the last decade, many analytical models for the threshold voltage of MOS-FET's have been derived from the solution of the twodimensional Poisson's equations [ 11-[6] . However, the accuracy of a two-dimensional model strictly depends on both the degree of the approximation used for boundary conditions and the assumption made for obtaining the solution.
For a given set of boundary conditions, the solution techniques for the two-dimensional Poisson's equation in a MOSFET basically can be divided into two groups: one is through the technique of , the exact series solution for the two-dimensional electric-field distribution is obtained in terms of a nonuniformly doped substrate, channel length, and source and drain boundary potentials. In Section 11, we will present a new technique for reducing the complex series solution of the two-dimensional electric-field distribution into simple characteristic functions, which are the integrals of the effective doping concentration weighted by the hyperbolic-sine function. Then a new analytical threshold-voltage model can be obtained in terms of these simple characteristic functions. The attractive feature of our theoretical analysis is that the effects of the depletion charge density under the gate perturbed by the source and drain fields are replaced by an effective depletion charge density, in which the effects of nonuniformly doped substrate, effective channel length, and source and drain boundary potentials are included. Moreover, it will be shown that, due to the weighting effects of the hyperbolic-sine function, the effective depletion charge density is not completely controlled by the gate electrode, and the depth of the gatecontrolled region is around the value of the channel length. This feature, which is known as the charge-screening effect, results in a weak substrate-bias dependence of the threshold voltage for a short-channel MOSFET. In Section 111, the source and drain boundary potentials of a MOSFET with a finite graded source-drain junction depth are discussed. Since the effects of the source and drain boundary potentials on the threshold voltage are expressed in terms of their boundary integrals, two equivalent power functions for the source and drain boundary potentials are proposed, in which two coefficients can be determined by comparing the results obtained from 2-D numerical analysis if the source-drain boundary potential is given. In Section IV, the accuracy of the simplified 2-D model has been verified by the 2-D numerical analysis. Moreover, comparisons between the simplified 2-D model and the experimental results have been made, and good agreement has been obtained for wide ranges of channel lengths and applied drain-substrate biases. Finally, conclusions are given in Section V.
MODEL FORMULATION
A cross-sectional view of a MOSFET is shown in Fig.  1 , where the x coordinate represents the direction along the SO2-Si interface and the y coordinate represents the direction perpendicular to the Si02-Si interface. The twodimensional Poisson's equation to be solved in the rectangular domain is for0 I y 5 ylI and 0 I x I L (1) and is subjected to the Dirichlet boundary conditions, Using the Green's function technique [6], the potential distribution is expressed in terms of four boundary-potential integrals as , . ..-. 
assumed to be zero. This approximation is reasonable be-
where the normal electric field at the depletion edge is cause the equi-potential lines in the region beyond the minimum depletion edge yd are nearly parallel to the y axis.
Using (2), the normal electric field at the Si02-Si inand
where terface and that at the depletion edge are given as
where The weighted top and bottom boundary potentials in the right side of (12)-(15), \ k ( x , 0) and \ k ( x , y d ) , can be further simplified. It is known that the potential distribution along the x axis is a convex shape with the flat region near the central point ( x = L / 2 ) , and the ratio of the convex parts to the channel region increases with decreasing the channel length. However, the weighting function is a concave shape with the zero values at the end points ( x = 0, x = L ) . Therefore, the results of the weighted potentials are almost contributed by the parts around the central point ( x = L / 2 ) and are slightly increased with decreasing the channel length. The slight increase of + ( x , 0) and \k (x, y d ) with respect to the decrease of the channel length can be neglected as compared with those in the right side of (12)-( 15). Therefore, the weighted potentials can be simply approximated by
(17) Since the normal electric fields in (7) and (8) are expanded in terms of the eigenfunction, sin( k , x ) , the series eration:
forms can be simplified by the following orthogonal opBased upon the above arguments, the weighted surface electric field in (12) can be written as where the eigenfunction sin ( k , x ) is the weighting function and g ( x ) is the function to be weighted. and (14) can be expressed by and (15) can be expressed by
The weighted normal surface electric field can also be obtained by substituting ( 5 ) into (1 1). Combining these two weighted normal surface fields, we obtain 1 For short-channel MOSFET's, the above equation can be written as Note that the effective depletion charge density under the gate is obtained by weighting the effective doping concentration (N,* ( y ) ) with an exponential decay function (exp ( -( 7 r / L ) y ) ) . Therefore, there are two factors that exhibit the short-channel effects in our model: one is that some depletion charges under the gate are terminated by the electric fields emanating from the source-drain diffusion island, resulting in the decrease of the effective doping concentration ( N : ( y ) ) , as shown in (19); the other is that some electric fields emanating from the gate electrode may be terminated by the two vertical boundaries, and these parts increase with decreasing the channel length. As a result, the bulk depletion charges far away from the Si02/Si interface ( > L ) cannot be "seen" by the gate electrode, and this effect is described by the effective depletion charge density with N,: ( y ) weighted by an exponential-decay function as shown in (21). Therefore, only the effective depletion charges near the surface region within the depth proportional to the channel length can terminate the electric field lines originated from the gate electrode. For this reason, if the depletion depth yd is much larger than the channel length L , the normal surface electric field in a short-channel MOSFET is insensitive to the variations of the depletion depth y d . This feature is called the charge-screening effect, which will result in a weak substrate-bias dependence for the threshold voltage of a short-channel MOSFET. This phenomenon is not well predicted by existing simplified two-dimensional models [l], [3], [7] .
Similarly, combining (6), (13), (16), and (17), the bottom normal electric field in (1 3) can be written as
where N $ ( y ' ) is the effective doping concentration viewed from the bottom depletion edge and is expressed in terms of the substrate doping concentration, the effective channel length, and the source and drain boundary potentials. Based upon different mathematical treatments, Skotnicki et al. [7] proposed an effective doping formulation in terms of "current-line length" and doping profile in the curvilinear coordinate system. However, the effects of finite graded source-drain junction depth were not considered in their model. Note that (22) and (23) relate the potential difference between the channel surface and the bottom depletion edge to the effective depletion charge density under the gate. Because some electric field lines emanating from the source-drain island are terminated by the depletion charges under the gate, the effective depletion charge density ( q N , * ) under the gate is reduced. Therefore, the depletion depth yd increases as the channel length decreases. Moreover, it should be noted that the approximations made in (16) and (17) will slightly underestimate the final solution of yd when the channel length is very short. However, it has been stated previously that the normal surface electric field in a short-channe1 MOSFET is insensitive to the variations of yd due to the charge-screening effect. Therefore, errors due to the above approximations can be neglected.
The threshold voltage is defined as the gate voltage at which the MOSFET is at the onset of strong inversion, i.e., +s = +,\ , , , . Combining (20) and (22), the threshold voltage is given by
c o x where the subscript "inv" denotes the onset of strong inversion. If \k (0, y ) and \k ( L , y ) are known, the minimum depletion depth yd can be determined from (22 Furthermore, it should be noted that the effective depletion charge density is weighted by a hyperbolic-sine function, and the transformed one-dimensional relation between the depletion charge density and the electric field/ potential is quite different from that derived from the conventional 1-D coordinate system. However, for the longchannel case, (20) and (22) can be automatically reduced to those of the one-dimensional case derived by Brews and (22) can be analytically integrated. For simplicity, n is taken to be 2 and 3 for the substrate with uniform doping ?a
[VGS -VFB -& I CO, = q lo NABf( y ' ) dy'. (26) and nonuniform doping, respectively.
SIMPLIFIED SOURCE AND DRAIN BOUNDARY POTENTIALS
The threshold-voltage model presented in the previous section has been derived in terms of the surface, the source, and the drain boundary potentials. For a MOS device with a nonuniformly doped substrate and finite depth of graded source-drain junction, the exact source and drain boundary potentials are difficult to analytically determine due to their two-dimensional nature [5] . It seems that this difficulty will limit the application of the derived threshold-voltage model. However, the derived threshold voltage expression depends only on the weighting values, namely, the weighted surface potential \k(x, 0),,, and the weighted source-drain boundary potential. Since the weighting procedure is done through the integral operation and may smear the detailed form of the function, it is plausible to represent the exact source-drain boundary potential by an equivalent power function with the same integral value. Furthermore, the weighted surface potential \k(x, O),,,, as discussed in the previous section, increases weakly with decreasing the channel length, and the potential \ k ( x , O),,, itself is a weighted function of the drain boundary potential 
Note that the parameters a and 0 are introduced to adjust the weighted power functions to be equivalent to those calculated by the exact boundary potentials. Moreover, the parameter a is also used to correct the effect of the neglected term (9 ( x , O)inv -Gs inv) in the original threshold voltage model (24). Therefore, the parameter a is less Table I .
IV. RESULTS AND DISCUSSIONS

A. Comparisons with 2 -0 Numerical Analysis
The 2-D numerical analysis for MOSFET devices has been performed by an efficient MOS simulator-SUM-MOS.' The channel profile used is a double Gaussian distribution, and its parameters for numerical simulation are listed in part (a) of Table I . For generality, the graded source-drain diffusion island with the junction depth Rj of 0.3 pm is taken. The numerical results for the drain boundary potential versus the vertical depth are shown in Fig. 2 , in which the drain bias is 5.0 V and the substrate bias is varied from 0 to -4 V. The parameters a and 0 (0 < a and 0 c 1) in our simplified threshold voltage model are independent of device geometry, which can be determined simply by the trial-and-error approach or automatically searched by the nonlinear optimizer [ 111. Comparisons between the 2-D numerical analysis and the developed threshold-voltage model are shown in Figs. 3 and 4. Fig. 3 shows the threshold voltage versus the substrate bias for different channel lengths, and Fig. 4 shows the threshold voltage versus the channel length for different substrate biases. It is clearly seen that good agreement has been obtained for wide ranges of substrate biases and channel lengths. Note that the parameter a ( =0.47) used for simulation is smaller than 1. The reasons are mainly due to the effects of the graded source-drain junction and the correction of the omitted term ( \ k ( x , O)inv -$s Fig. 5 shows comparisons of the threshold-voltage reducthan 1 even for the case of the source-drain island with an n t uniform doping profile* Furthermore, the Order is taken to be an integer SO that the formulations in (18) Note that the term ( 9 ( x , O)inv -& is omitted in our simplified model, and its effect is incorporated in the equivalent drain boundary potential. The comparisons shown in Fig. 5 , confirm our statement on the equivalent source-drain boundary potential in Section 111. The charge-screening effect calculated from the developed threshold-voltage model is illustrated in Fig. 6 , in which VQ is the term contributed by the depletion charge density under the gate and is given by Note that the function Ve is almost independent of the substrate bias for short-channel MOSFET's, due to the charge-screening effect. The weak dependence of the threshold voltage on the substrate bias, as shown in Figs. 3 and 4, is due to the fact that the distribution of the source-drain boundary potential near the Si0,-Si interface is a weak function of the substrate bias, as illustrated in Fig. 2 .
B. Comparisons with the Experimental Results
In this section, the results of the simplified thresholdvoltage model are compared with the experimental data measured from long-to short-channel n-MOSFET's with double-channel-boron implantations. The gate-oxide thickness (Tax) and the source-dr!in junction depth of the fabricated MOS devices are 250 A and 0.33 pm, respectively. The double-channel-boron implantations were performed through the gate oxide with an energy of 25 keV and a dose of 7.5 X 101'/cm2 for shallow implantation and an energy of 150 keV and a dose of 4.0 x 10"/cm2 for deep implantation. The source-drain junctions were implanted through thin oxide by using the energy of 60 keV and a dose of 6.0 x 1015/cm2. The parameters for the channel profile are listed in part (b) of Table I . Fig. 7 shows comparisons of the substrate-bias dependence of the threshold voltage between the simplified model and the experimental data for V,, = 0.1 and 5 V. The dependence of the threshold voltage on the drain bias is also shown in Fig. 8 , where the theoretical curves are obtained by linearizing the calculation points in Fig. 7 . Note that the parameter (Y used for simulation is 0.53 ( < 1 ), which is also used to compensate the effect of (\k ( x , O)inv -,,,") on the threshold voltage reduction, as discussed in Section 111. It is clearly seen that good agreement has been obtained for wide ranges of channel lengths, applied substrate and drain biases. In particular, the very weak-substrate-bias dependence of the threshold voltage for a shortchannel MOSFET (for example, L = 0.9 pm) is well predicted by our newly developed model. characteristic functions. The source and drain boundary problems for modeling MOSFET's with a finite graded source-drain junction depth are treated by the equivalent power functions. One of the attractive features is that the maximum depth of the effective depletion region belonging to the gate electrode is approximately equal to the value of the channel length. This effect is known as the charge-screening effect and results in a weak dependence of the threshold voltage on the substrate bias for shortchannel MOSFET's. The accuracy of the simplified threshold-voltage model for wide ranges of channel lengths and applied substrate-drain biases has been verified by comparison with the results of the 2-D numerical analysis and experimental MOSFET's having a nonuniformly doped substrate and a finite source-drain junction depth.
